The effects of vanadate, molybdate, and azide on ATP phosphohydrolase (ATPase) and acid phosphatase activities of plasma membrane, mitochondrial, and soluble supernatant fractions from corn (Zea mays L. WF9 x M017) roots were investigated. Azide (0.1-10 miflimolar) was a selective inhibitor of pH 9.0-ATPase activity of the mitochondrial fraction, while molybdate (0.01-1.0 milUimolar) was a relatively selective inhibitor of acid phosphatase activity in the supernatant fraction. The pH 6.4-ATPase activity of the plasma membrane fraction was inhibited by vanadate (10-500 micromolar), but vanadate, at similar concentrations, also inhibited acid phosphatase activity. This result was confirmed for oat (Avena sativa L.) root and coleoptile tissues. While vanadate does not appear to be a selective inhibitor, it can be used in combination with molybdate and azide to distinguish the plasma membrane ATPase from mitochondrial ATPase or supernatant acid phosphatase.
selective inhibitor, it can be used in combination with molybdate and azide to distinguish the plasma membrane ATPase from mitochondrial ATPase or supernatant acid phosphatase.
Vanadate appeared to be a noncompetitive inhibitor of the plasma membrane ATPase, and its effectiveness was increased by KV. K -stimulated ATPase activity was inhibited by 50% at about 21 micromolar vanadate. The rate of K+ transport in excised corn root segments was inhibited by 66% by 500 micromolar vanadate.
fungal (3, 4) cells. At higher concentrations (usually >50 .tM), vanadate has been shown to inhibit ATPase activities (8, 13, 26, 35) and ion transport (8, 9, 16) in various plant tissues. However, at these concentrations, vanadate also inhibits plant and animal phosphatases (22, 32, 36) . Mitochondrial ATPase activity is not affected by up to 500 ,UM vanadate, but higher concentrations (1 mM) have been reported to inhibit respiration and oxidative phosphorylation in rat liver mitochondria (11) . Vanadate is clearly not a specific inhibitor of plasma membrane-ATPase, but it may be useful if used in combination with other inhibitors.
Mitochondrial (and/or chloroplast) ATPase, acid phosphatase from the vacuole, and other phosphatases which readily utilize ATP as a substrate have caused considerable problems in studies on plasma membrane ATPase (14) . It seems that molybdate is an inhibitor of phosphatase (34, 36) , although the specificity of molybdate for phosphatase over ATPase has not been reported. Azide is among several potent inhibitors of mitochondrial type, F1-ATPases (4) .
In this paper, we report the results of an investigation designed to compare the effects of vanadate, molybdate, and azide on ATPase and phosphatase activities of plasma membrane, mitochondrial, and soluble supernatant fractions from corn roots. It seems that plasma membrane ATPase activity can be distinguished by its sensitivity to vanadate and insensitivity to molybdate or azide.
Progress in elucidating the role of plasma membrane-associated ATP phosphohydrolase (ATPase) in ion transport has been limited by the lack of a specific inhibitor of the enzyme. The availability of such an inhibitor is important for studies seeking to correlate effects on ATPase activity with changes in ion transport. Also, a specific inhibitor would help to distinguish plasma membrane ATPase from other ATP hydrolyzing activities in plant cell fractions and thereby increase the utility of ATPase as a marker enzyme for the plasma membrane.
DES,2 DCCD, octylguanidine, and various sulfhydryl inhibitors have been shown to inhibit ATPase activity in the plasma membrane fraction (13, 14, 18, 26) . DES appears to be a very effective inhibitor (1), but specificity ofDES for plasma membrane-ATPase has not been demonstrated. Also, DES inhibits oxidative phosphorylation which limits its usefulness in studies on ion transport in intact cells (1) . The other inhibitors vary in effectiveness and are not selective for plasma membrane ATPase.
Vanadate (H2VO4 ), at low concentrations (<5 fM) is a potent inhibitor of transport ATPases in mammalian (2, 6, 7, 22) and ' Supported by National Science Foundation Grant PCM8025004.
2Abbreviations: DES, diethylstilbestrol; DCD, N,N'-dicyclohexylcarbodiimide; ANSA, I-amino-2-naphthol4-sulfonic acid. ,sg protein), 3 mM ATP (Tris salt) at desired pH, 30 mm buffer at desired pH (Tris-Mes from pH 5 to 8.5, glycine-NaOH at pH 9.0, and Na2CO3-NaHCO3 at pH 9.5), 3 mM MgSO4, 50 mm KCI (unless indicated otherwise), and other substances (see tables and figure legends) as described (15) with some modifications. The acid phosphatase assay was identical to that for ATPase except p-nitrophenylphosphate (sodium salt) was used as substrate. Enzyme assays were terminated by addition of 0.64 ml of 10%1o (w/v) SDS, and phosphate released from substrate was determined by a modified Peterson (28) (20) . Briefly, batches of 16, 1-cm sections (4 apical and 12 basal) were incubated for 30 min with aeration at 30°C in 35 ml of 1 mm However, the degree of polymerization is also influenced by temperature, ionic strength, and total vanadium concentration (30) . It is difficult to assess the significance of decavanadates under the assay conditions used in this study. It seems probable that at vanadate concentrations below 100 tIM, the most prominent species in solution are H2V04-(pH 4-8) and HV42-(pH 8-13).
MATERIALS AND METHODS
At higher vanadium concentrations and at acidic pH, the decavanadates should predominate. Throughout this paper, we use the term 'vanadate' to refer to vanadium in solution, even though the exact species present may vary somewhat, depending on conditions.
The NaOH in the vanadate stock solution changed assay pH, particularly at the higher concentrations of vanadate. It was necessary to adjust the pH of the assay solution after addition of vanadate.
RESULTS
Inhibitor Concentration. ATPase activity in the plasma membrane fraction from corn roots, when assayed at pH 6.4 and in the presence of 50 mM KCl, was inhibited by vanadate but was only slightly affected by molybdate or azide (Fig. 1 ). The concentration of vanadate which gave 50%o inhibition (Iso) was about 233 ,UM, although this value varied somewhat in different experiments, possibly because of variation in extent of vanadate polymerization at the higher total vanadium concentrations (see "Materials and Methods"). As expected (4), ATPase activity in the mitochondrial fraction, when assayed at pH 9.0, was sensitive to azide (Iso = 220
,UM) but relatively insenlsitive to molybdate or vanadlate (Fig. 1) .
Acid phosphatase activity in the supernatant fraction was mark- ItM), but was completely insensitive to azide (Fig. 1) . The results indicate that the pH 9.0-ATPase activity of the mitochondrial fraction can be distinguished by sensitivity to azide. The pH 6.4-ATPase activity of the plasma membrane fraction can be distinguished by sensitivity to vanadate and insensitivity to molybdate or azide. Acid phosphatase activity of the soluble supernatant fraction is sensitive to molybdate or vanadate.
The pH 6.4-ATPase activity of plasma membrane fractions from oat roots and coleoptiles was also sensitive to vanadate and relatively insensitive to molybdate (Fig. 2) . For oats, both vanadate and molybdate appeared to be slightly less inhibitory than observed for the plasma membrane-ATPase of corn roots (Fig. 2) . Acid phosphatase activity of the soluble supernatant fraction from VANADATE ON PLASMA MEMBRANE-ATPase oat roots and coleoptiles was inhibited by vanadate or molybdate (Fig. 3) . Both oat root and coleoptile acid phosphatase showed greater sensitivity to molybdate than observed for the supernatant fraction from corn roots (Fig. 3) .
Inhibition as a Function of Assay pH. Phosphatase activity of the soluble supernatant fraction from corn roots was maximum at low pH and steadily decreased as pH was increased to 9.5 (Fig. 4) .
Addition of 50 mm KCl to the phosphatase assay had little effect on activity at any pH. Vanadate and molybdate, whether added with (Fig. 4) or without (not shown) KC1, were effective inhibitors of phosphatase activity between pH 5.0 and 8.0. At higher pH, these inhibitors were less effective. Azide had little effect on phosphatase activity at any pH (Fig. 4.) .
ATPase activity of the mitochondrial fraction from corn roots, when measured in the presence of KCI, showed two maxima, one at about pH 6.4 and the other at about pH 8.5 (Fig. 5) . The activity at alkaline pH was sensitive to azide, and probably represents the action of the mitochondrial F1-ATPase. The ATPase activity at pH 6.4 was sensitive to vanadate (Fig. 5) , but only when measured in the presence of KC1 (data not shown). This activity, at least in part, represents plasma membrane-ATPase which has been shown to contaminate the mitochondrial fraction (21) . The small amount of ATPase activity at pH 5 was sensitive to molybdate but not to vanadate, probably because vanadate was added at only one-tenth the concentration of molybdate.
The effect of assay pH on inhibitor sensitivity ofATPase activity of the plasma membrane fraction from corn roots is shown in Figure 6 . ATPase activity between pH 6 and 7, when measured in the presence of KCI, was sensitive to vanadate and relatively insensitive to molybdate or azide. The small amount of activity at alkaline pH was azide sensitive and probably represents the action of mitochondrial F1-ATPase which contaminates this fraction (21) .
Substrate Specificity of Supernatant and Plasma Membrane Fractions. Phosphate hydrolyzing activity of the supernatant fraction from corn roots showed little preference for a variety of substrates (Table I) . However, molybdate and vanadate were more effective inhibitors when nucleoside triphosphates orp-nitrophenylphosphate were used as substrates. These inhibitors were significantly less inhibitory when nucleoside diphosphates or AMP were used as substrates. As is often the case (24, 32) , ATP was as good as substrate of supernatant phosphatase activity as was pnitrophenyl phosphate (Table I) .
Phosphate hydrolyzing activity of the plasma membrane fraction was greatest with ATP as the substrate (Table I) . As expected (19, 21) , this fraction also contained nucleoside diphosphatase activity, and this activity was relatively insensitive to molybdate or vanadate (Table I) . ATPase activity was the only activity in the plasma membrane fraction which was both sensitive to vanadate and insensitive to molybdate (Table I) .
Vanadate on Plasma Membrane-ATPase Activity. Vanadate was a more effective inhibitor of plasma membrane ATPase activity if K+ was present in the assay (Fig. 7) . In the absence of K+, 500 Am vanadate inhibited activity by only 19%. The increment of activity produced by addition of K+ is the component ofplasma membrane-ATPase activity which correlates best with ion transport (14, 18) . The K+-stimulated component was the most sensitive to vanadate (Fig. 7) .
Vanadate lowered the maximum velocity of the ATPase without having a major effect on the Michaelis constant for ATP:Mg concentration (Fig. 8) . This suggests that vanadate is a noncompetitive inhibitor of the plasma membrane-ATPase. The KI, calculated by Dixon plot analysis, was 500 uM vanadate.
K+ Influx. The rate of wRb-labeled K+ transport in excised corn root segments was inhibited by 66% in the presence of 500 uM vanadate (Table II) . Preincubating the tissue in vanadate for up to 3 h did not increase the magnitude of vanadate inhibition of K+ transport.
DISCUSSION
ATPase activity ofthe plasma membrane fraction, when assayed at about pH 6.5 in the presence of K+, is presumed to represent the action of a plasma membrane-associated H+ pump (18, 23, 29) . This pump may exchange H+ in the cytoplasm for K+ outside, and hence may directly participate in K+ transport (18, 29) . Alternatively, K+ may be transported in response to an electrochemical potential gradient for H+ generated by the ATPase (23, 29) . The results of this study indicated that this ATPase could be distinguished from supernatant acid phosphatase or mitochondrial ATPase because it was sensitive to vanadate and relatively insensitive to molybdate or azide (Figs. 1, 2, and 6 ). However, vanadate was not a specific inhibitor of plasma membrane ATPase because at similar concentrations it was also an inhibitor of acid phosphatase activity in the supernatant fraction (Figs. 1, 3, and 4) .
In agreement with other reports (13, 26) , the sensitivity of plasma membrane-ATPase to vanadate was significantly greater in the presence of K+ (Fig. 7) . The concentration of vanadate which gave 50o inhibition (150) of ATPase activity in the corn root plasma membrane fraction was decreased from greater than 500 iLM to about 233 pi by addition of K+ (Fig. 7) (Fig. 7) , and for the partially purified preparation of DuPont et al. (13) , 5 ,lM. Apparently, detergent treatment and partial purification of the corn root ATPase increased sensitivity to vanadate by about 4-fold. However, the plant ATPase is still considerably less sensitive to vanadate than the plasma membrane ATPases of mammalian (2, 6, 7, 25) and fungal (3, 4) cells.
Vanadate has been shown to inhibit several physiological processes in plants. These include ion fluxes in corn roots (Table II Acid phosphatase activity in the supernatant fraction was inhibited by vanadate, and at concentrations which also inhibit the plasma membrane-ATPase (Figs. 1 and 3) . ATP has been shown to be a suitable substrate for acid phosphatase ( [4] [5] [6] , and insensitivity to molybdate and azide (Figs. 1, 2 , and 6) before concluding that ATP hydrolyzing activity is related to plasma membrane-ATPase. However, vanadate-sensitive, molybdate-insensitive ATPase activity should provide a useful marker for locating plasma membrane vesicles during plant cell fractionation.
Molybdate was an effective inhibitor of acid phosphatase activity in the supernatant fraction. The subcellular localization of this activity is not known for sure, but it most probably represents acid phosphatase which was released from vacuoles during tissue homogenization (24) . Some workers (10, 17) (Table I) . Hence, it is important to show that molybdate-insensitive ATPase activity is substrate specific before concluding that the activity is representative of a specific ATP phosphohydrolase.
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